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Abstract : We present a comparative analysis of mesonic, baryonic and Glueball Regge trajectories based
on different parameters. The different inbuilt compositions of the three seem to serve as a basis for their
individual identities. We discuss features such as crossed channel forces, signature, string models and also the
dependence of the slope of the mesons and baryons on the fine structure constant. We infer that inspite of
various inherent similarities, these three Regge trajectories have some distinctive features which serve as a
basis for their identification.
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1.  Introduction
Regge model was initially developed by Tullio Regge during 1959-1960 [1,2]. In the Regge
approach, complex angular momentum method was introduced [1] in non-relativistic quantum
mechanics. Regge trajectories have been immensely triumphant in describing the high
energy hadronic processes and other features of hadron physics such as spectrum of
hybrid mesons.
Recently, there is again an upsurge in interest in Regge trajectories because of
availability of new data which need analysis. Moreover a large number of quark models [3]
have been developed which need more complete experimental fits for testing. Regge theory
has been extended by theoretical physicists to describe multiparticle production and
experimentalists are checking its validity.
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The linearity of Regge trajectories is an active topic of debate and research since a
long time. The earliest was the Chew-Frautschi conjecture [4,5] which stated that the
strongly interacting particles (hadrons) are self generating and must lie on straight lines.
But with the availability of large amount of data, several objections were raised upon the
linearity of the RTs. Some of the physicists [6] solved the relativistic Thompson equation
and gave linear and parallel RTs. Some [7] took spin effects into consideration and solved
a relativized Shrodinger equation. Another group of physicists [8] incorporated spin
dependent terms in a three dimensional reduction of the Bethe-Salpeter equation and
they obtained non linear RTs. With the help of perturbative QCD, Tang [9] has showed the
non linearity by studying high energy elastic scattering with meson exchange for fixed as
well as running coupling constant. Analysis of data from Particle Data Group [10] also
confirms the non linearity of RTs and shows that these trajectories have appreciable
curvature which is flavour dependent.
Earlier, string models [11] had been used to understand the origin of RTs but with the
advent of QCD, dual superconductivity picture stood as a candidate for explaining the
origin. Recently, a lot of work is being pursued to develop a connection between the
Regge approach and QCD. Regge poles are constantly being studied in QCD [12]. The
derivation of the Regge poles in QCD is closely related to the non-perturbative effects in
QCD and the problem of confinement. The study of Regge poles has given an intriguing
phenomenology which is the concept of Pomeron [12-14]. The Pomeron may be a single
Regge Pole which determines an asymptotic behavior of high energy diffractive processes
and carries the quantum numbers of the vacuum. It corresponds to the rightmost singularity
in the complex angular momentum plane. The reason why we paying so much attention
to the Pomeron is because it may turn up as a possible candidate for the Glueball RT.
We are not affirmative that the leading Glueball RT will be exactly like the pomeron
because in the real world there may be mixing between the gluons and light quark-
antiquark states in the small 't' region.
In this paper, we have taken into account various aspects of the Mesonic, Baryonic
and Glueball RTs in different approaches and have tried to analyze them. We witness that
in spite of several differences, there are some similarities. In section 2, we have talked
about crossed channel forces, followed by signature comparison in section 3. In section
4, we have discussed the work of Akers [15], who has shown the dependence of slopes
of mesons and baryons on the fine structure constant. Next, we have presented different
string models for the three RTs and have shown their intrinsic features.
2. Crossed channel forces in mesonic RT, baryonic RT and pomeron RT
The crossed channel forces play an evident role in distinguishing the mesonic, baryonic
and Glueball RTs. Vanishing of Crossed channel forces [16] enables us to plot two
trajectories together and this is called Exchange Degeneracy (EXD) [17]. These crossed
channel forces split a(l, k) into even (+) and odd (–) signatures as a±(l, k). The separation
of the even and odd signatures corresponds to two different RTs. However, when the
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crossed channel forces vanish, these even and odd signatures coincide leading to
overlapping of even and odd trajectories. This gives the EXD conditions :–
α α β β+ − + −= =and (2.1)
where α  is the position (RT) of simple poles and 
β
 is the residue (Regge residue).
In the case of mesons, the above EXD conditions are satisfied and thereby the even
and the odd parity mesons can be plotted on the same RTs.
Now, we shall talk about the baryon RTs. In the case baryons, the exchange channel
forces do not vanish. Therefore, in this case even and odd parity baryons are plotted on
different trajectories. There are however some exceptions for the case of baryons. It has
been known for years that the EXD seems to exist experimentally at least for strange
baryons [18] namely 
Λ
 and 
Σ
. EXD in 
Σ−
 regime leads to a new class of trajectories
which possess negative slopes.
We will now discuss about the Pomeron Exchange Degeneracy. The authors of reference
[19] explored two different models for the Pomeron and fitted the Exchange Degenerate
sub leading RTs to the forward scattering data for certain reactions. They found that
Exchange Degeneracy is violated and the amount of violation needs to be estimated.
3. Signature (
σ
) for mesonic, baryonic and Glueball RTs
Before discussing about the signature of the RTs, we shall first give a brief mathematical
background regarding "signature".
Let us consider a two-particle to two-particle scattering process in the t-channel (s and t
are the Mandelstam variables [20])
a c b d+ → +
(3.1)
It takes place at a centre-of-mass energy s  which is much larger than the masses
of the external particles. The partial wave expansion of this scattering process is given by
A s t l a s P t
sac bd l ll
→ =
∞
= + +FHG
I
KJ∑( , ) ( ) ( )2 1 1 20 (3.2)
Here Pl(z) is a polynomial in z of degree l and al(s) are called the partial wave scattering
amplitudes. By using the property of crossing symmetry, the expansion may be continued
into the s channel by interchanging s and t and then we can rewrite the expansion in
terms of contour integral in complex angular momentum (l) plane as
A s t
i
dl l a l t
l
P l s
t
c
( , ) ( ) ( , )
sin
,= FHG
I
KJ + +
F
HG
I
KJz12 2 1 1 2π (3.3)
The function a(l, t) is an analytic continuation of the partial wave amplitudes al(t).
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There are contributions to the partial wave amplitudes which alternate in sign, which
means they are proportional to (–1)l. Thus we have two analytical functions a l t( ) ( , )+1  and
a l t( ) ( , )−1 , which are the analytical continuations of even and odd partial wave amplitudes.
Thus we have
A s t
i
dl
l
l
i l
l t P l s
t
c
( , )
sin
exp( )
( , ) ,( )= FHG
I
KJ
+ + − +FHG
I
KJz ∑=±
1
2
2 1
2
1 2
1
b g b g
π
σ π α
σ
σ
(3.4)
where σ  is the signature of the partial wave and it can take values ± 1,  and
a l t( ) ( , )−1  are called the even and odd signature partial wave functions. Here the factor
σ π+ −exp i lb gc h 2  is called the signature factor.
Thus the signature σ  [17] can be either positive or negative. Positive signature implies
that equal contribution is given to amplitudes for elastic scattering of particle and antiparticle,
whereas vice-versa for negative signature.
Mesonic RT :– Corresponds to particles and resonances for those values of 't' (t being
the centre of mass energy of the quark-antiquark pair defined as ) where it
possesses integer values Re ( )α t n=b g  even for  and odd for .
Baryonic RT :- Corresponds to Re  with signature σ = − −( ) /1 1 2J
Pomeron RT :- Always corresponds to positive signature σ = +.
4. Dependence of the slopes of mesons and baryons on the fine structure constant
( =1/137)
David Akers [15] has showed that the meson RTs are dependent upon a 70MeV quantum
proposed by Gregor [21,22,23] and co-related it to the model of Barut [24,25]. Akers
showed that slopes of both meson and baryon RTs are unequal, yet they both show
proportionality to the fine structure constant ( =1/137). In case of mesons, the pion is
the lowest mass meson and thus the starting member of the meson RT. The pion is
composed of two 70 MeV/c2 mass quanta. From Barut's solution to a relativistic Balmer
mass formula, we have
(4.1)
where (4.2)
Therefore, Slope (meson) = 2 2 0 070 137 134261 2
2 2m m GeVα = =( . ) ( ) . (4.3)
The slope of the baryons is expected to be different from that of the mesons because
baryons are three quark systems whereas the mesons are two quark systems.
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Slope (baryons) = m m m m m m s1 2 3 1 2 3b g b g+ + α (4.4)
Where m1, m2 and m3 are individual quark masses and α s  is the strength of the
coupling constant. Taking the nucleon to be the starter of the series for the baryon RT,
we have m1 = m2 = m3 = u =315 MeV (Since u and d are approximately equal in mass).
The particle mass is taken to be 97% of the total mass, the rest being the contribution of
the binding energy. Therefore, the quark mass will be
0.97 × 315 = 305.6 MeV (4.5)
αs = =1374 34 25. (4.6)
this value of coupling constant is taken from the work of Sawada [26], who proposed that
coupling parameter takes this particular value when Coulombic interaction of the magnetic
monopole is taken into account. α s  clearly shows the dependence upon α  = 1/137.
Therefore,
Slope (baryons) = 
( . ) .0 3056 1
3
137
4
106622 2FHG
I
KJ
F
HG
I
KJ = GeV
(4.7)
Thus, we can clearly see that the slope of the baryonic RTs is less than that of the
mesonic RTs. This clearly defies the earlier notion that hadronic RTs have a constant
universal value of slope which is approximately 1.1 GeV2. A constant value of slope for
hadrons is plausible if we consider constant value of string tension among quarks which
really does not seem to be so.
5. String models for the mesonic, baryonic and Glueball RTs
String models are extremely useful for describing orbitally excited hadron states. The
strings are relativistic and there is a direct analogy between the string and linearly growing
energy and the QCD confinement, which connects quarks by gluon flux tube. A mass
less string results in linear RT, whereas a relativistic string with massive ends is not so
simply interpreted.
5.1. Mesonic RT :- Olsson Model :
The authors [27-29] have done a pioneering work in "String Model" to study the mesonic
RTs. They deduced that at high J values, RTs are linear and parallel, while at low J,
mesonic RTs essentially show non linearity. Two factors lead to violation of linearity.
1)  Coulomb Interaction 2) Variation of quark mass
The authors have studied string approach in two different equations :
1) Generalized Spinless Bethe-Salpeter equation.
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2) Generalized Klein-Gordan equation.
The generalized spinless Salpeter (GSS) equation, in general for both scalar and vector
potentials is given by
H Mψ ψ= (5.1.1)
where
(5.1.2)
Here S(r) and V(r) are the scalar and vector potentials respectively.
The generalized Klien-Gordan (GKG) equation is
p2
2
21
2
1
4
+ +LNM
O
QP
R
S|
T|
U
V|
W|
= −m S r M V r( ) ( )ψ ψ (5.1.3)
Under the WKB approximation for GKG with pure vector potential, we have
′ = − + + −FHG
I
KJα M J J n
J J
Jn
2
0
0
1 2
2 1
2
b g
/
. (5.1.4)
From the above, we can clearly see that non linearity appears at small J. A linear
relationship between J and M2 appears at high values of J and it is a clear manifestation
of the strong forces between constituent quarks and is an immediate consequence of the
string picture. It is however observed that linearity appears for low values of J when one of
the quark mass is taken to be zero the exact solution of the GKG under pure vector
potential (S = 0) is
′ = + − + +FHG
I
KJ
+ −
+
F
HG
I
KJα M l J n
l J
l
2
0
1 2 0
1 2
1
2
2 1
2
1 2
1 2
/
/
. (5.1.5)
For pure scalar, the solution is
′ = − + +α M l J nn2 0 2 3 2 . (5.1.6)
For mixed scalar and vector confinement, we have
′ = + + −FHG
I
KJα M J n
D
n
2
1 2
2 1 3
2
b g
/
(5.1.7)
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where D is a constant such that l D≤ ≤ 2 . If we consider quarks as massless, we obtain
linear and parallel RTs for both vector and scalar confinement. Otherwise, we obtain non-
linear RTs at low angular momenta and linear at large angular momenta.
Also, using quantized flux tube concept, the effect of the quark mass on the RTs has
been investigated [28] and the dimensionless slope comes out to be
′ =α π2 2
a dl
dM
(5.1.8)
where "a" is the string tension parameter and is known from quark-antiquark meson analysis
[30].
5.2 Baryonic RT :- Sharov String model :
In the series of papers [31-34], Sharov considered a model for the baryons and recently
[35] he has given the String model for Glueballs RTs. He considered three point like
masses (quarks) bounded pairwise by a relativistic strings forming a curvilinear triangle.
He formulated that for a system center of mass, a planar uniform rotation takes place
and analytical solutions are obtained. These solutions are interpreted as rotating curves
composed of segments of a hypocyloid. The system is visualized as a configuration in
which internal massless points move with the speed of light. The configuration can be a
triangle which can be smooth or exotic. Sharov gave the formula for E and J as
E D a b
a
m
v
i
ii
= − +
−=∑γ
2 2
2 1 21
3
1d i / (5.2.1)
J a E m vi i
i
= − −RS|T|
UV|W|=∑2 1 2
1 2
1
3
ω d i
/
. (5.2.2)
Here γ  is the string tension, mi, vi corresponds to quark masses and quark velocities
respectively. The parameters D and a are defined by equations (18) and (26) of reference
[31], with 
b a D= θ ω( )
. Also angular velocity Ω =ω a , where ω  is the frequency.
From the above eqs. 5.2.1 and 5.2.2, we observe the non linear connection between E
and J.
In the paper [32], Sharov developed the string model for the baryons in four schemes
considering quarks as massive point particles.
1) The quark-diquark model [q-qq] which resembles the meson model with relativistic
strings having massive ends.
2) The linear configuration q-q-q with quarks connected in series.
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3) The three string model or the star Y configuration with three strings joined in
fourth massless point (junction).
4) The triangle model i.e. a closed string carrying pointlike masses.
The ultrarelativistic asymptotic behaviour of the dependence J(M) for the q-qq or mesonic
(m), Y and  configuration has the form
(5.2.3)
where Regge Slope ′ =
−
R
S|
T|
α πγ
1
2
1
2 3
2 2
m
Y
n n k
/
d i ∆
(5.2.4)
v
m
Y
n n k
=
−
R
S
||
T
|| −
1
2 3
2 3
2
3
1 2
3 2
1 2
2 2 3 4
π γ/
/
/b g
d i ∆
(5.2.5)
5.3 Glueballs in Soloviev's String Model (SQM) :
Soloviev [36] formulated a relativistic quantum model in which RTs do not grow linearly,
but instead show a faster growth. In his string approach. Soloviev showed that the growth
rate is visualized by the exponent 3/2 and the string is rigid. Thereby, the Lagrangian is
given by an exponential function.
The same author [37] discussed glueballs in SQM. He showed that the glueballs are
eigenstates of the quantized simplest closed (elliptic) Nambu-Goto string having quantum
numbers I j jG PC = + ++0 .
The glueball RTs can be written as
j k j k d
a
m+ + + = +b gn s( ) /2 14
1 2
0
2
π . (5.3.1)
Glueballs which have even spins lie on the leading RT, 2nd daughter RT and so on.
Glueballs which have odd spins lie on the 1st, 3rd RT and so on. For large values of j.,
the RT,  have the slope
′ ∞ = = −j k
a
GeV, .b g 1
4
0 452 2π (5.3.2)
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This slope is half the slope of quark-antiquark state. Non linearity is evident at small j.
The equation (5.3.1) shows that the leading glueball RT i.e. the Pomeron trajectory is
j m j m d
a
m2 2 0
2
2 1 2
0 1
4
1 1, ( )
/
d i ≡ = +FHG
I
KJ +
R
S|
T|
U
V|
W|
−π
(5.3.3)
and has the intercept j(0) = 1.07 ± 0.03 and which corresponds to high energy data on
hadron scattering. Thus, we can say that the glueball decays can be considered within
the SQM approach which provides a relativistic approach for the glueball meson states
including prediction of the Pomeron RT. Also, this leads to evident scope for comparison
with the experiment.
6. Conclusions
Based upon different analyzing parameters, the three RTs show evident differences. Even
the seemingly identical mesonic and baryonic RTs have some intrinsic dissimilarities despite
being intimately coherent.
The vanishing of the crossed channel forces in the case of mesons allow us to plot
positive and negative parity mesonic RTs together. However, in the case of baryons, we
can never plot opposite parity particles and resonances together. Glueballs also violate
EXD conditions. Also, we can conclude that the picture of universality of slopes
α ≈ 11 2. GeVd i  of mesons and baryons is violated. This can be plausible only if the strings
joining the quarks have constant string tension 
( ( )α πσ= 1 2
, where σ  is the string
tension). The slope of the Pomeron RT is almost half the average value of slope of the
meson RTs. The hadronic RTs do not obey a strict linear relationship between J and M2,
at all values of J. The String Models predict the linearity of the RTs at high J and
nonlinearity at low J.
In our forthcoming paper, we are planning to check the linearity of hadronic RTs with
quantized masses.
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